A procedure is described for obtaining allometric regression equations to estimate non-destructively and in a cost-effective manner the current year's above-ground vegetative and reproductive biomass of Vitis vinifera L. Merlot' throughout the growing season. Signi®cant relationships were obtained over a 3-year period (1998± 2000) between the dimensions of an individual shoot per vine (i.e. diameter and length) and dry weights of its primary stem, primary leaves and lateral growth. The dry mass of a grape was best estimated from measurements of the basal diameter of the bunch peduncle. Introducing cumulative degree-days as an additional explanatory variable in the equations allowed them to be used irrespective of year and growth stage. Multi-year regressions were used to quantify in detail the seasonal evolution of mature grapevine biomass under the climatic conditions of the Bordeaux area, France, and for differing levels of soil nitrogen.
INTRODUCTION
During the last decades, crop growth simulation models have become powerful research tools in agriculture in general and in viticulture in particular for understanding the processes involved in plant growth and yield and for investigating and developing agronomic practices and pest management strategies (Gutierrez et al., 1985; Wermelinger and Baumga Èrtner, 1991; Bindi et al., 1997) . This modelling effort requires ®eld-collected biomass datasets suf®ciently complete and comprehensive to serve for calibration and/or validation. Weighing pulled out grapevine in a ®eld is undoubtedly the most accurate method of estimating wholeplant biomass, but it is an extremely time-consuming and destructive method, which is limited to small areas and sample sizes and which is generally inappropriate in viticulture studies due to practical and economical considerations. An alternative approachÐwidely used in studies of perennial woody plantsÐis to establish allometric equations for relating the biomass of an individual plant to easily obtainable non-destructive measurements, such as stem diameter and height (Niklas, 1994; Brouat et al., 1998) . This method must be capable of providing reliable biomass estimates despite variety, age of the plants, stand and sites, degree of competition and the in¯uence that management strategies such as pruning may have on plant form (Telenius and Verwijst, 1995) . Only limited information is available in the literature dealing with the feasibility of this approach in grapevines Bindi et al., 2001) .
The aim of this study was to develop a cost-effective procedure for obtaining allometric regression equations that accurately estimate above-ground vegetative and reproductive biomass of a grapevine through its growing cycle. This procedure involves four steps: (1) choosing a suitable functional form for the allometric equations; (2) testing the stability of the allometric relationships over time; (3) choosing suitable values for any adjustable parameters in the equations; and (4) determining an ef®cient sampling scheme for the measured variables. The results of this study will be used to develop a mechanistic model of grapevine growth.
MATERIALS AND METHODS

Study site
All data were collected on 10-year-old grapevines (Vitis vinifera L.`Merlot') grafted on Fercal rootstocks, at the INRA Couhins experimental site near Bordeaux, France, over a 3-year period (1998±2000). The vineyard is divided into four plots corresponding to four levels of soil nitrogen availability obtained through contrasting soil management practices: G 0 , G 50 , G 100 and S representing ungrassed, half-grassed, fully-grassed and gravelly soil plots, respectively (Rodriguez-Lovelle et al., 2000) . No fertilization or irrigation was applied. Rows are oriented in a SW to NE direction and vine and row spacings are 1´0 and 1´8 m, respectively. The vines were head-trained to a double cordon Guyot system, cane-pruned to four to eight nodes per vine before budbreak and the shoots were maintained in a ã 2002 Annals of Botany Company * For correspondence. Fax +33 (0) 5 5712 2515, e-mail gaudille @bordeaux.inra.fr vertical trellis system by two wires 0´5 m apart and 1´0 m above the soil surface. This created a compact hedgerow 1´50 m high and 0´40 m wide with little foliage below the main wire. Pruning twice a year conserved this geometry.
Data collection
Dimensions and biomass of an individual shoot per vine were simultaneously measured ®ve times through each growing season (1998±2000) on 12±18 vine replicates randomly sampled within the four plots (Table 1) . To obtain data for shoots ranging in vigour, shoots of different dimensions were cut off at their base and their length, basal and mid-length diameters, and the numbers of grapes and primary leaves were measured. Additional data such as shoot breakage, diameter of each grape peduncle, and numbers of lateral shoots and leaves were also recorded. In 1998, primary and lateral leaf areas were measured for each individual leaf using a digital scanner system connected to a PC, and image analysis software (Image Tool v 2´0). In both 1999 and 2000, random foliar disc subsamples were collected to determine mean primary and lateral speci®c leaf areas (SLA; dm 2 fresh area g ±1 d. wt) and total leaf area per shoot. Above-ground vine parts were then sorted into ®ve tissue types (primary and lateral leaves, primary and lateral stems, and grapes), dried in a convection oven at 70°C to a constant mass and weighed. In 1999, primary stem fresh volume was determined via water displacement (Archimedes's principle) on shoot subsamples. Cores were immersed in water and simultaneously weighed. Density was determined using volume and oven-dry weight.
Determination and validation of allometric equations
Allometric relationships between shoot dimensions, biomass amounts and leaf area were analysed initially on a harvest date basis, and then on a yearly basis. Linear and non-linear regression models were evaluated to determine the most suitable functional form for the allometric equations; several explanatory variables were considered in the various regressions, including the basal (D b , in cm) and mid-length stem diameters (D m , in cm); stem length (L, in cm); the numbers of grapes (n g ), primary (n pl ) and lateral (n ll ) leaves; and the diameter of the grape peduncle (D p , in mm). Six multiple equations per year providing a reasonable balance between the cost of data collection and the loss of accuracy in the prediction were developed using stepwise and R 2 selection procedures for predictor variables in the software package Systat (SPSS Inc., Chicago, IL, USA). Dry mass of the lea¯ess primary stem (W ps , in g) was best described on a yearly basis using a common log-transformed function:
where S is the sum of degree-days on a base of 10°C calculated from 1 January each year (Moncur et al., 1989) , and a, b, c, d and k are ®tted parameters. Similar seasonal Both biomass and dimensions were simultaneously determined in Experiment 1, but no destructive measurements were made in Experiment 2. doy, Julian day of the year; S, cumulative degree-days calculated from 1 Jan. of each year using a base temperature of 10°C; n, number of shoots analysed. *Data collected on 9 Sep. 2000 (doy = 252) were used for validation. allometric regressions were also ®tted for biomasses of the lateral stem, primary and lateral leaves and total plant leaf area. However, the dry mass of a grape (W g ) was best estimated from the basal diameter of the bunch peduncle (D p ), the cumulative degree-days (S) and the number of grapes per shoot (n g ): log (W g ) = log k + a log (D p ) + c log (S) + d log (n g ) (2) Finally, multi-linear regression slopes were compared manually following Tomassone et al. (1983) ; as there were no signi®cant differences between years, a single generalized multi-year equation for each vine component was computed from the 3-year pooled data ( Table 2) .
Validation of the multi-year allometric regressions was speci®cally checked on 9 Sep. 2000, using 60 additional shoots randomly selected from the four plot. Observed vegetative and reproductive biomass data were compared with predicted values calculated according to the procedure described above.
Illustrative application of the allometrically based regressions approach
The accuracy and reliability of the allometric equations established above were tested during the 1999 and 2000 growing seasons on 48 randomly selected grapevines distributed equally in the four plots. As no destructive samplings were made in this experiment, objectives were not to validate sensu stricto seasonal evolution of simulated biomass per vine but rather (1) to illustrate the sensitivity of the approach to environmental conditions in general and soil N availability in particular; and (2) to determine an ef®cient sampling scheme for the measured variables. Mid-height diameter and length of primary stem, peduncle diameter of each grape and number of primary leaves and grapes per shoot were measured at ®ve dates through each growing season on all the shoots of 12 replicate vines per plot (Table 1) , giving 2790 measurements in total. Two operational ®eld-variables currently followed in viticultural practices, fruit yield and pruned wood measurements, were determined at harvest and before the winter, respectively, and compared with corresponding simulated data.
R E S U LT S
For lea¯ess primary stems (Fig. 1) , and to a lesser extent for other vegetative parts of vine shoots (data not shown), there TAB L E 2. Multi-year seasonal allometric regression equations for six above-ground components of a vine shoot
Primary stem mass (g)  1´799  0´998  0´565  -±2´145  0´965  0´100  218  Lateral stem mass  5´436  0´696  0´992  -±3´179  0´793  0´327  142  Primary leaf mass  1´091  0´400  0´298  0´739  ±1´206  0´949  0´079  218  Lateral leaf mass  4´380  0´682  1´266  -±3´661  0´819  0´279  153  Grape mass*  2´156  -2´846  ±0´293  ±8´428  0´924  0´244  251  Total leaf area (dm 2 )  1´289  0´666  0495  -±1´032  0´932  0´104  128 a, b, c, d and k represent regression parameters of the equation log W = log k + a log D m + b log L + c log S + d log n pl , where D m , L, S and n pl are primary stem diameter at mid-length (cm), main stem length (cm), cumulative degree-days (using a base temperature of 10°C) and number of primary leaves per shoot, respectively. R 2 is the adjusted correlation coef®cient, s.e. is the standard error of the variable estimate and n is the number of samples. All regression equations were highly signi®cant at P < 0´01 level. * Note that for grapes, a and d represent regression parameters of the grape peduncle diameter (D p , mm) and the number of grapes per shoot (n g ), respectively. F I G . 2. Allometric relationships between primary stem dry mass (W ps , in g) and a combination of squared mid-length diameter and length of the primary stem (D m 2 L, in cm 3 ) for ®ve sampling dates in 1999 (see Table 1 ).
were strong allometric relationships between dry mass and shoot dimensions [i.e. stem length and (diameter measured at mid-length) 2 ]; but these relationships differed substantially from date to date mainly due to a signi®cant increase in stem mass over the growing season (Fig. 2) . To generate seasonal allometric equations, cumulative degree-days were therefore introduced systematically to the regression model as an additional explanatory variable (Table 2) . Adding further variables (e.g. the number of primary leaves per shoot) to regression equations did not signi®cantly improve the predictive ability of most seasonal equations, but did appear to be necessary to explain additional variance of primary leaf biomass. For reproductive parts, the best ®t equation was obtained by correlating individual grape dry mass against the diameter of its peduncle, the number of grapes per shoot and cumulative degree-days (Table 2) . As there were no signi®cant between-year differences for the regression parameters, a unique multi-year regression equation was computed from the pooled data for all 3 years for each vine component providing the best adjusted squared multiple correlation ( Table 2 ). The logarithmic regression models generally had high R 2 values and ®tted the data well, as indicated by residual analysis (data not shown) or by linear 1 : 1 relationships observed when averaged daily measurements per vine component were plotted against corresponding mean simulated values (Fig. 3) . Values of R 2 were signi®cantly lower for lateral growth components than for grapes, primary stems and leaves (Table 2) .
Multi-year regression equations were validated on 9 Sep. 2000 on 60 shoots selected at random within the four experimental plots (Fig. 4) . Dry mass of vegetative organs was well-simulated by the model, especially for primary stems and leaves for which ratios of predicted to observed mean values per subplot differed by less than 8 % (data not shown). Less accurate predictions can be made using a single multi-year equation to calculate the reproductive biomass (Fig. 4 ).
An illustration of the accuracy and reliability of the equations established above was demonstrated by comparing seasonal evolution of dry mass of grapevines grown at four contrasting levels of soil nitrogen (Figs 5 and 6). In both 1999 and 2000, estimates of vegetative above-ground dry mass (representing total stems plus leaves per vine) were signi®cantly higher in grapevines grown in the non-grassed plot than in the half-or fullygrassed plots (Fig. 5) . Compared with the non-grassed treatment, full-grassing decreased vegetative dry mass at maturity by 1´54 and 1´43 in 1999 and 2000, respect- ively. Grapevines grown in the gravelly soil accumulated less dry mass throughout the season, in accordance with the low soil N availability of the plot. Grapevines appeared to be less vigorous in 2000 than in 1999, especially for non-and half-grassed treatments (Fig. 5) , partly due to fewer primary shoots per vine in 2000 (Table 3 ) and a signi®cant reduction in secondary growth (data not shown). Seasonal evolution of grape dry mass accumulation followed the typical pattern reported in the literature: at maturity, the yield was higher in non-grassed than in grassed plots, and represented around 50, 54 and 60 % of total biomass in ungrassed, fully-grassed and gravelly soil plots, respectively, for both years (Fig. 6) . The effect of year was less pronounced on grape dry mass than on vegetative dry mass accumulation (Fig. 5) , even though grape number per vine was signi®cantly lower in 1999 than in 2000 (Table 3 ). Comparisons between simulated and ®eld-observed dry mass data were made for fruit yield and pruned wood biomass, which are two operational ®eld variables currently followed in viticultural practices. In both 1999 and 2000, mean dry mass of total grapes per vine estimated in each plot at maturity (i.e. at approx. 1400°d) was signi®cantly correlated to corresponding data observed at harvest (R 2 > 0´95, Fig. 6A ). Low slope values were explained by the time lag (21 and 14 d in 1999 and 2000, respectively) between simulations and observations. Similarly, mean dry mass per plot of simulated total stems (i.e. primary plus lateral stems) was signi®cantly correlated to mean dry mass of pruned wood measured during the following winter (Fig. 6B ). In this case, simulated data were slightly higher than observed data, probably because it is viticultural practice to leave two annual shoots per vine for the following season, which were not actually weighed.
D I SC U S S IO N Different dimensions of a plant are assumed to be related to each other (Corner, 1949) . As a plant grows, its dimensions change in ways that maintain their functional balance, but not in ways that maintain constant ratios between the dimensions. This study con®rms the earlier observations Bindi et al., 2001 ) that equations based on these allometric relationships provide a reliable means of estimating the current year's leaf area and aboveground biomass of a ®eld-grown grapevine. At each sampling date, primary stem dry mass of an individual vine shootÐand to a lesser extent biomass of other vegetative organsÐwas linearly related to stem diameter and length after a so-called two-sided log transformation on both the dependent and independent variables. Numerous similar allometric relationships have been reported in studies of woody plants which predictÐin the light of the pipe-model theoryÐleaf area or tree biomass, using mainly the cross-sectional area of the trunk (Bormann, 1990; Niklas, 1995; Bartelink, 1997; Clough et al., 1997 Ketterings et al., 2001) . In most of these equations, incorporating tree height into the dry mass equations in addition to stem diameter leads to only minor improvements in the predictions (Tahvanainen, 1996) . In the present study, however, including height as an independent variable in the biomass model signi®cantly improved the predictive power of the equations, mainly because when wood density remains unchanged, the dry mass of the primary stem is directly proportional to the stem volume, which is a function of the diameter and height. In other words, it is relevant to assume that any viticultural practices (such as shoot trimming) that directly reduce primary stem length, but not diameter, also modify stem dry mass. Finally, including cumulative degree-days as an additional predictor in the regression equation was a simple and effective way of extrapolating allometric equations from a daily to a seasonal basis, mainly because vine development rate and physiological processes are primarily temperature dependent. The most adequate method of calculating degree-days and the limits of its uses were not addressed in the present study (Bonhomme, 2000) . Linear regression models have often been preferred over non-linear models due to the ease of the calculations. Therefore, to estimate parameters of the regression equations in a simple linear form using the least sum of squares method, both dependent and independent variables were F I G . 5. Predicted seasonal evolution of mean dry mass (g per vine) for primary stems (A), vegetative (B) and reproductive parts (C) of grapevine grown under four levels of soil N. G 0 , G 50 , G 100 and S represent ungrassed (circles), half-grassed (diamonds), fully-grassed (triangles) and gravelly soil (crosses) plots, respectively. Data were estimated for both years using the same multi-year allometric regression equations de®ned in Table 2 
G 0 , G 50 , G 100 and S represent ungrassed, half-grassed, fully-grassed and gravelly soil plots, respectively. log 10 -transformed despite the potential disadvantages of logarithmic transformations (Baskerville, 1972) . In return, using linear transformations instead of non-linear regression analyses removed the heteroscedasticy from the residuals (Crow and Laidly, 1980) . In ®tting the multiple linear equations, the independent variables were chosen not only because they provided the best overall correlation with dry mass, but also for the ease and speed with which they could be measured in the ®eld. Therefore, mid-length stem diameter was considered an easier and more accurate measurement than basal stem diameter. In the case of primary leaves, omitting the variable relating to the number of primary leaves from the equation would provide a simpler form of the relationship, but also results in a less accurate estimate of leaf biomass. Adding further surrogate measurements (i.e. number of lateral stems or leaves per shoot) as independent variables in the equations would have explained additional variance for lateral growth biomass, but would also have reduced the practicality of the equations.
Using a unique multi-year equation led to a less ef®cient estimate of reproductive dry mass per shoot than vegetative dry mass, probably because grape dry mass is highly related to the number of berries per grape, a variable that was not measured in the present study. In addition, it can also be supposed that the discrepancy between estimated and measured grape mass values, especially at the end of growing season (Fig. 4) , resulted from a failure to account for the water stress that may affect carbohydrate accumu-lation in berries (and therefore grape dry mass) to a greater extent than dimensional growth of the grape peduncle. Further improvements are still needed to estimate grapes yield more accurately, particularly at the end of the season.
This study has quanti®ed in detail the seasonal evolution of dry mass of ®eld-grown grapevines over 3 years and at four levels of soil N in the Bordeaux region of France. There are, of course, many questions still to be addressed, including how many and how frequently shoots must be measured to obtain a reasonable estimate of biomass and yield in a given vineyard or plot, but the qualitative similarities between the observations and estimations reported here show the soundness and appropriateness of our approach. Allometrically based regression equations are therefore a powerful technique by which to determine in a non-destructive and cost-effective manner the seasonal balance between vine shoots and fruit production from simple vine measurements and climatic data. Along with other viticultural indices (Smart, 1990) , these values should be useful as guidelines for researchers and growers to diagnose source/sink relationships of their vines and to adopt canopy management techniques that will have a bene®cial impact on wine grape production, fruit composition and wine quality. Table 1 for more information concerning sampling calendar). G 0 , G 50 , G 100 and S represent ungrassed, half-grassed, fullygrassed and gravelly soil plots, respectively. Vertical and horizontal bars represent s.e.m. Solid and dashed lines represent the least square regression and the 1 : 1 line between measured and predicted values, respectively.
